This study employs '25I-labeled phytochrome (126I-P) from oats to quantitate the binding of phytochrome to a membrane fraction from oats that is highly enriched for mitochondria, and it examines several parameters that influence this attachment. An early response to the photoactivation of phytochrome in plant cells is a change in the ion permeability and electrical potential of membranes in the affected cells (16, 23, 30) . One inference from these findings is that phytochrome physically interacts with plant cell membranes en route to inducing changes in the growth patterns of plants. Support for this hypothesis comes from a wide range of studies, as discussed in several recent reviews (15, 19, 26) . As an extension of these studies, we developed a method to quantitate the amount of phytochrome that binds to purified membranes when it is reacted with these membranes in vitro (8). The method, using 1251-P2, allowed us to determine whether this binding met certain minimal criteria for the specific interaction of a ligand with a receptor site, such as those discussed by Cuatrecasas (4). Our 
An early response to the photoactivation of phytochrome in plant cells is a change in the ion permeability and electrical potential of membranes in the affected cells (16, 23, 30) . One inference from these findings is that phytochrome physically interacts with plant cell membranes en route to inducing changes in the growth patterns of plants. Support for this hypothesis comes from a wide range of studies, as discussed in several recent reviews (15, 19, 26) . As an extension of these studies, we developed a method to quantitate the amount of phytochrome that binds to purified membranes when it is reacted with these membranes in vitro (8) . The method, using 1251-P2, allowed us to determine whether this binding met certain minimal criteria for the specific interaction of a ligand with a receptor site, such as those discussed by Cuatrecasas (4) . Our initial results suggested that there were a saturable number of high affinity sites on purified oat mitochondria for '251-Pfr. However, the preliminary nature of these data raised certain questions about their interpretation, as pointed out in recent papers (22, 3 1) . Also The experiments reported here examine these and other parameters of the binding and provide control data to further support the hypothesis that there are specific binding sites on oat mitochondria for oat phytochrome.
MATERIALS AND METHODS
Phytochrome Isolation and lodination. The phytochrome used in these experiments was purified from 4-day-old etiolated oat seedlings by the method of Roux et al. (25) . All phytochrome used was fully photoreversible, exhibited a peak A for Pr at 667 nm, and had a mol wt of 120,000 on SDS gels. For iodination, 80 to 95% pure samples were isotopically labeled by the method of Thorell and Johansson (27) , modified as described by Georgevich et aL (8) . Iodinated samples exhibited normal spectra (8) .
Mitochondria Isolation. Mitochondria were isolated from 4-day-old etiolated seedlings of oats (A vena sativa L., cv. Garry) by the procedure of Douce et al. (6) , except that 10 mm NaHSO3 was substituted for cysteine in the extraction buffer. Approximately 1 kg of 4-to 5-cm long oat shoots was harvested after the plants had been chilled to about 4 C. Mitochondria isolated from unirradiated plants were termed "dark" mitochondria. "Light" mitochondria were isolated from etiolated oat shoots that were exposed to 15 min of white fluorescent light (irradiance of 0.1 mw cm 2) while on ice after harvest and prior to homogenization. In both cases, all subsequent manipulations were carried out in green safelight at 3-5 C. The purified mitochondria were determined to be intact and functioning normally by electron microscopy and biochemical tests described by Douce et aL (6) .
Mitochondria were isolated from rat liver by the method of Parsons et al. (17) .
Morphometric Estimation of the Purity of the Isolated Mitochondria. The mitochondria were prepared for electron microscopy by the method described in Douce et al. (6) . During the postfix in OS04 the mitochondrial pellet broke into five pieces, each of which was embedded separately in araldite after the usual intermediate processing steps. Several thin sections of each of these pieces were then cut, picked up on on copper grids, poststained in lead citrate as described by Venable and Coggeshell (28) , then examined and photographed at random magnifications ranging from 3,000 to 10,000x. Photographic prints (20 x 25 cm) of sections from each piece of the original pellet were used for the morphometric analysis, following the general principles outlined by Baudhin (1) and Weibel (29) . Each the type of experiment being conducted. The binding reaction was initiated by adding mitochondria to the centrifuge tube which already contained the components required for the binding experiment (125I-P). After the requirement time period, the mitochondria were separated from the reaction medium by centrifugation through the silicon oil layer (1 1). Immediately after the centrifugation, the tubes were frozen at -70 C. While still frozen, the tubes were sliced with a razor through the center of the silicon oil layer. Gamma radiation in the top portion of the tube was counted to give the amount of free 1251-P, and radiation in the bottom portion of the tube, which contained the mitochondrial pellet, was counted to determine bound 125I-P. The mitochondrial pellets were then solubilized in 75 ,ll of 5% SDS and 10 mm EDTA. The exact method of solubilization was as follows: (a) thorough removal of the 1.0 M sucrose layer which was above the mitochondrial pellet; (b) solubilization of the remaining mitochondrial pellet in 25 ,ul of 5% SDS and 10 mm EDTA; and (c) washing of the tip of the centrifuge tube two more times with 25 ,il of 5% SDS and 10 mm EDTA. This material was then combined to give a total volume of 75 [lI, and counted again. Portions of the solubilized mitochondrial pellet were used for analysis on SDS gels and protein determinations.
For competition experiments, mitochondria were incubated with 1251-P and unlabeled phytochrome. Unless otherwise noted, a 15-fold excess of unlabeled phytochrome was used. The volumes of the reaction medium were adjusted so that the concentration of 125I-P remained constant, and the experiments were then conducted as described in the previous paragraph. Radioactivity Measurements. Radioactivity of samples containing 1251-P was measured with a Beckman 4000 gamma counter.
The efficiency of counting was approximately 60%1o. Mol wt characterization of bound radioactive species in the pellet was determined by exposing dried SDS polyacrylamide slab gels on Kodak SB5 x-ray film for 2 to 7 days. Mol wt was calculated using RF values and comparing these values to standards. SDS Gel Analysis and Protein Determinations. Two-mm-thick polyacrylamide slab gels with 7.5% resolving and 3% stacking gels were cast and run as described by Georgevich et al. (8) .
Protein was measured by the method of Lowry et at. (13), modified as described by Georgevich et aL (8) .
Analysis of Immunoprecipitates of 125I-Phytochrome. The goat anti-phytochrome IgG used in this experiment was obtained from Cappell Laboratories as a gift from Dr. F. Mumford of the Central Research Department, E.I. du Pont Co. The specificity and titer of the antibody were determined using double diffusion immunoprecipitation on Ouchterlony plates and by radioimmune assays using 1251-P.
To prepare the immunoprecipitates analyzed in Figure 1 , '25I-P was incubated with antiphytochrome IgG in 400 pl polyethylene centrifuge tubes at 4 C for 24 h on a shaker table. The precipitates were pelleted in a Beckman Microfuge for 10 min at 4 C, then the Microfuge tubes were frozen and the pellet was removed by slicing it offjust below the pellet-supernatant interface. The immunoprecipitate was boiled in sample buffer and analyzed on SDS polyacrylamide gels as described by Georgevich et aL (8) .
Operational Definitions: Specific and Nonspecific Binding; Pur- ified Mitochondria. For the purposes of discussion in this paper, we will define specific binding of phytochrome as that portion of the total 1251-P bound that can be competitively inhibited from binding by a 15-fold excess of unlabeled ph ytochrome reacted with the membranes simultaneously with 51-P. Accordingly, nonspecific binding is defmed as the portion of the total 12 I-P bound that cannot be competitively inhibited from binding by the 15 (and supported by the Scatchard plot of Fig. 9b ), that 1252-Pfr binds with a high affinity to its attachment site, and so for Figure  6b , specific binding is defined as that portion of the total bound which is not readily washed off the membranes, and nonspecific binding is that portion which is readily washed off. Although we argue under "Discussion" that mitochondria are certainly the most likely site of the high affinity binding of phytochrome, there is no direct evidence given in the paper that this is so. Thus, the term "purified mitochondria" as used here refers to a preparation of membranes that is greatly enriched for mitochondria; and "binding to purified mitochondria" strictly means binding to sites located in the preparation of purified mitochondria.
RESULTS AND DISCUSSION The point of departure for the experiments reported here was the earlier report of Georgevich et aL (8) on the binding of 25 I-P to cell particulates and to purified mitochondria. Data in that paper indicated that after electrophoresis on SDS polyacrylamide gels, the 120,000 mol wt band of 5I-P represented more (20, 22) .
Before attempting to quantitate and obtain binding constants for the specific binding of 12,51_p to purified mitochondria under the newly established reaction conditions, we ran certain controls to test the validity of our competition experiments. Figure 6a shows that a 10-to 15-fold excess of unlabeled phytochrome provides a level of competitive inhibition that is adequate and not significantly increased by higher excesses of unlabeled phytochrome. In related experiments described elsewhere (2), neither ovalbumin, BSA, or hemoglobin competitively inhibited phytochrome binding at all, even when added in a 30x molar excess over 125i-P.
The data in Figure 6b were obtained using the same preparations of 12,51-P and purified mitochondria as used for Figure 6a . They show that about 50Yo of the total 125I_p bound can be readily removed in a single wash, indicatin that it has a low affinity for its binding site(s). The remaining I-P bound appears to have a high affinity for its site(s), since subsequent washes remove very little more of it. The levels of specifically bound phytochrome estimated by the two quite different methods in Figure 6 (17,000 versus 14,000 cpm) agree within the standard deviations obtained. Figure 7 examined what amount of nonspecific binding could be ascribed to some volume of the reaction mixture that was trapped in spaces between the sedimenting membranes and carried into the pellet. The data indicate that for reaction mixtures containing more than about 10 ,ug mitochondrial protein, the volume trapped increases linearly with increasing concentrations of mitochondria, averaging about 1.3 ,ul per 100 Ag of mitochondrial protein. Thus, under the conditions of the plant mitochondria experiments described in this paper, "trapped volume" cpm would never amount to enough in any experiment to contribute significantly to the binding and competition data.
In our first report of 125I-P binding to purified mitochondria, the pH, [MgCl2J, and reaction time were not optimized; consequently, 1% or less of the total 1251-P reacted with the mitochondria bound to them (8) . and begins to approach levels reported in the pelletability studies (20) .
To obtain a binding constant for the association of 1251-P with mitochondria, we derived Scatchard plots (Fig. 9b and 10b ) from the saturation binding curves of Figures 9a (Pfr) and 10a (Pr). The fact that Figure 9b gives a linear plot indicates that there is a single class of sites with the same relative affmity for Pfr; and, from the slope of the line, that affinity can be calculated to be very high: Ka = 1.7 x 10" M-1 (5). The saturation binding curve of Pr, in contrast, is significantly different (Fig. 1Oa) , and produces a nonlinear Scatchard plot, or, at best, a nearly horizontal line, indicating low-affinity binding (Fig. 10b) . The data in Figures 9  and 10 were obtained under conditions that maximize specific binding, and they show that about 2.5 x more Pfr than Pr binds specifically to the "light" mitochondria. The data in Figure 3 showed about equal specific binding of Pfr and Pr to "light" mitochondria, but they were obtained under conditions that gave much lower levels of specific binding, so they were biased differently. Figures 9 and 10 allow a recalculation of at 63 ± 9 ,ug mitochondrial protein for each experiment. The specific radioactivity of the '251-P used was 142 cpm/ng. 5 x 10-14 g as an approximation of the average protein weight per mitochondrion (12, 14) , and 240,000 as the mol wt of phytochrome, there are about 100 molecules of Pfr bound per mitochondrion under the experimental conditions used in Figure 9 . This is a very small number in comparison to the total number of phytochrome molecules that could physically fit on the surface of a mitochondrion, but still a significant number, considering it would provide at least 30,000 phytochrome binding sites per cell on mitochondria alone (9) .
All the data above point to the conclusion that there are specific binding sites in the preparation of oat mitochondria for oat phytochrome. Another approach to probing the specificity of the sites is to ask whether they would be found in preparations of purified mitochondria from totally unrelated organisms. Figure 11 investigates this question, using purified rat liver mitochondria as the test organelles. The results show that the total binding of 125I-P to rat liver mitochondria is much lower than it is to oat mitochondria and that none of the phytochrome bound can be competitively inhibited by a 15X excess of unlabeled phytochrome; i.e., none of the total 1251-P bound is specifically bound. Thus, there are no specific binding sites on rat liver mitochondria (18, 24) . Given the evidence above for the high affmity binding of phytochrome to specific sites in the mitochondrial membrane preparation, we need to ask, finally, to what membrane or particulate in the preparation is phytochrome binding. Table II addresses itself to the question by estimating the purity of the mitochondria preparation by quantitative morphometry of electron micrographs of the preparation. Biochemical tests, reported elsewhere (2), showed that there was no NADPH-dehydrogenase activity in the preparation, and so little or no contamination by ER membranes (21) . Biochemical tests also showed that the preparation had a high level of mitochondrial activity, indicated by ADP/O ratios > 2.5, and respiratory control ratios > 4.0; and they indicated that 85 to 90%o of the mitochondria present had intact outer membranes, suggesting a low degree of breakage in On the basis of relative membrane area available, one could reasonably expect that the mitochondria in the membrane preparation were the major binding site for 1251-P. Figure 12 provides support for this conclusion. For the binding experiments described there, a preparation of membranes was used, that, relative to the purified mitochondria preparations, was less enriched for mitochondiral membranes but more enriched for most other cellular shoots. The membrane material used in these experiments was obtained from homogenized oat tissue prepared as described under "Materials and Methods" for the initial steps in the isolation of plant mitochondria. The filtered homogenate was centrifuged at l,000g for 10 min and the pellet discarded. The 1,000g supernatant was centrifuged for 20 min at 20,000g. The pellet from this centrifugation was resuspended in 0.3 M mannitol, 10 mM Hepes and 0.1% BSA at pH 7.4. This material was then used to conduct binding experiments as described under "Materials and Methods," using medium R plus 5 mM MgCl2 at pH 6.8 and 24 C. The specific radioactivity of the phytochrome used was 86 cpm/ng, and approximately 86 ,ug of particulates (protein weight) from the 20,000g pellet was used in each experiment.
membranes. Only about 12% of the 125I-P added to this preparation was specifically bound as judged by competition experiments. The binding showed no evidence of saturability even after 5 sg of 1251_ P was added; thus, it was clearly a low-affinity binding. Except for the heterogeneity of the membranes used, the assay conditions were the same as those used for Figure 9 . The results in Figure 12 agree with the predictions of Pratt and Marme (20) that there would be little meaningful binding of phytochrome to crude preparations of membranes in vitro, but they contrast sharply with the results in Figure 9 and suggest that when one enriches for mitochondria in the preparation, the probability of high affinity, saturable binding of phytochrome to membranes is dramatically increased. Given the relatively low number of high affinity sites for phytochrome in the mitochondrial preparation, any amount of found associated with the mitochondria of the membrane preparation.
